The morphology of micrometre-size particulate matter is of critical importance in fields ranging from toxicology 1 to climate science 2 , yet these properties are surprisingly difficult to measure in the particles' native environment. Electron microscopy requires collection of particles on a substrate 3 ; visible light scattering provides insufficient resolution 4 ; and X-ray synchrotron studies have been limited to ensembles of particles 5 . Here we demonstrate an in situ method for imaging individual sub-micrometre particles to nanometre resolution in their native environment, using intense, coherent X-ray pulses from the Linac Coherent Light Source 6 free-electron laser. We introduced individual aerosol particles into the pulsed X-ray beam, which is sufficiently intense that diffraction from individual particles can be measured for morphological analysis. At the same time, ion fragments ejected from the beam were analysed using mass spectrometry, to determine the composition of single aerosol particles. Our results show the extent of internal dilation symmetry of individual soot particles subject to non-equilibrium aggregation, and the surprisingly large variability in their fractal dimensions. More broadly, our methods can be extended to resolve both static and dynamic morphology of general ensembles of disordered particles. Such general morphology has implications in topics such as solvent accessibilities in proteins Complex airborne particulate matter, with particle mobility diameters less than 2.5 mm, efficiently enters the human lungs, and also constitutes the second most important contribution to current global warming 10 . Among such particulate matter, the morphology and composition of carbonaceous soot has been extensively studied 11 : the fractal morphology and coagulation of soot in atmospheric water or ice particles modifies their radiative properties in the atmosphere 2, [11] [12] [13] [14] , which in turn affects atmospheric energy balance 15 , and hence climate 16 . The fractal properties of soot have been estimated from twodimensional projections obtained from electron microscopy 3 , often requiring prior information such as the amount of overlap between monomer units, or whether the expected fractal dimension is less than or greater than two 3 . More recently, morphology has also been extracted from structure factors estimated from transmission electron micrographs 17 . Electron microscopy, however, requires that particles first adhere to substrates, which may alter the conformation of larger particles and encourage agglomeration absent in the aerosol phase. Substrate-bound measurements may also lead to systematic biases in the projections from electron micrographs, especially for asymmetric particles that may roll around to maximize substrate contact . Moreover, optical measurements are particularly restrictive for fractal morphology of micrometre-size soot, as these measurements are limited to scaling exponents occupying only about a decade of length scales. High-resolution, in situ fractal morphology has been performed on soot aggregates using X-rays from synchrotrons 5 , but these light sources do not supply sufficient incident intensity to measure the morphology of single aggregates.
The morphology of micrometre-size particulate matter is of critical importance in fields ranging from toxicology 1 to climate science 2 , yet these properties are surprisingly difficult to measure in the particles' native environment. Electron microscopy requires collection of particles on a substrate 3 ; visible light scattering provides insufficient resolution 4 ; and X-ray synchrotron studies have been limited to ensembles of particles 5 . Here we demonstrate an in situ method for imaging individual sub-micrometre particles to nanometre resolution in their native environment, using intense, coherent X-ray pulses from the Linac Coherent Light Source 6 free-electron laser. We introduced individual aerosol particles into the pulsed X-ray beam, which is sufficiently intense that diffraction from individual particles can be measured for morphological analysis. At the same time, ion fragments ejected from the beam were analysed using mass spectrometry, to determine the composition of single aerosol particles. Our results show the extent of internal dilation symmetry of individual soot particles subject to non-equilibrium aggregation, and the surprisingly large variability in their fractal dimensions. More broadly, our methods can be extended to resolve both static and dynamic morphology of general ensembles of disordered particles. Such general morphology has implications in topics such as solvent accessibilities in proteins 7 , vibrational energy transfer by the hydrodynamic interaction of amino acids 8 , and largescale production of nanoscale structures by flame synthesis 9 .
Complex airborne particulate matter, with particle mobility diameters less than 2.5 mm, efficiently enters the human lungs, and also constitutes the second most important contribution to current global warming 10 . Among such particulate matter, the morphology and composition of carbonaceous soot has been extensively studied 11 : the fractal morphology and coagulation of soot in atmospheric water or ice particles modifies their radiative properties in the atmosphere 2, [11] [12] [13] [14] , which in turn affects atmospheric energy balance 15 , and hence climate 16 . The fractal properties of soot have been estimated from twodimensional projections obtained from electron microscopy 3 , often requiring prior information such as the amount of overlap between monomer units, or whether the expected fractal dimension is less than or greater than two 3 . More recently, morphology has also been extracted from structure factors estimated from transmission electron micrographs 17 . Electron microscopy, however, requires that particles first adhere to substrates, which may alter the conformation of larger particles and encourage agglomeration absent in the aerosol phase. Substrate-bound measurements may also lead to systematic biases in the projections from electron micrographs, especially for asymmetric particles that may roll around to maximize substrate contact 3 . Light scattering experiments, by contrast, can probe the in situ morphology of particles in flight. Scattering experiments performed with optical lasers on randomly oriented soot particles in flight 18 have revealed low-resolution morphology for single micrometre-size particles 4 . However, interpreting the optical scattering from such particles is complicated because the Born scattering approximation does not strictly apply 11 . Moreover, optical measurements are particularly restrictive for fractal morphology of micrometre-size soot, as these measurements are limited to scaling exponents occupying only about a decade of length scales. High-resolution, in situ fractal morphology has been performed on soot aggregates using X-rays from synchrotrons 5 , but these light sources do not supply sufficient incident intensity to measure the morphology of single aggregates.
X-ray free-electron lasers (XFELs) provide sufficient photons, in a single pulse lasting less than 100 fs, to measure X-ray diffraction at high resolution from individual soot particles in flight. Our experiment was carried out at the CFEL-ASG Multi-Purpose (CAMP) instrument 19 at the Atomic, Molecular and Optical Science beam line 20 of the Linac Coherent Light Source (LCLS), with a setup (Fig. 1 ) similar to that used in previous work 21, 22 . Individual X-ray pulses of less than 150 fs, containing , 10 12 photons of 1.0 nm wavelength, were focused to 10 mm 2 , and intercepted a jet of aerosolized particulate matter at the machine repetition rate of 60 Hz. Single-particle diffraction patterns were captured on X-ray detectors 18 to a maximum full-period resolution of 13 nm at the corner of the detector (see Supplementary Information for details).
Diffraction imaging can be used to produce images of isolated nanoparticle morphology [21] [22] [23] [24] [25] . Figure 2a -d shows reconstructions of airborne microclusters of polystyrene spheres, revealing connectivity between individual monomers (monomer radii between 44 and 75 nm). Sphere monomers exhibit tenuous connectivity in certain microclusters (Fig. 2c, d ), whereas clusters of ellipsoidal nanoparticles (Fig. 2e , f) tend to stack more efficiently. This trend has been observed in previous studies 23, 24 and is related to monomer-monomer contact area, adhesion strength, and hence packing efficiency. The open structures in our sphere clusters differ considerably from the close packing in aerosolassisted colloidal microclusters 26 , indicating the presence of nonequilibrium processes in our system.
Reconstructed electron density maps of structurally complex particles such as soot and soot-salt mixtures show more complex morphology (Fig. 2g, h ). For these larger, random particles the relationship between their growth and their morphology is more easily established from the statistics of spatial correlations within each particle, which in turn can be obtained directly from its diffraction intensities. The diffraction patterns in Fig. 2 contain substantial signal to the edge of the detector, indicating the potential to resolve spatial correlations down to tens of nanometres for particles larger than those in Fig. 2 , as larger particles scatter more photons under similar illumination conditions. Soot belongs to a class of disordered particles called mass fractals, which show dilation symmetry over a considerable range of length scales. This symmetry is revealed through power laws of their scattering intensity, S(q) / q 2D , where q is the spatial frequency and D is the particle's fractal dimension 11, 27 . To minimize Soot X-ray detector TOF-MS Incoming XFEL pulses Single-particle morphology
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Figure 1 | Schematic of concurrent imaging, morphology and spectroscopy of single soot particles in flight. Coherent XFEL pulses (orange) were made to intersect a particle stream, producing a diffraction pattern and ion fragments whenever a pulse and a particle coincided. Diffraction patterns were measured on a pnCCD (p-n-junction charge-coupled device) X-ray detector, and ion fragments were captured by a time-of-flight mass spectrometer (TOF-MS), both of which operated at the pulse repetition rate of 60 Hz. ). e, f, Ellipsoidal nanoparticles. g, A sparkgenerated soot particle. h, A salt-soot mixture. Electron density maps were averaged from ten independent, randomly initialized phase-retrieval reconstructions. Red scale bars in the insets also correspond to the full-period resolutions of the respective reconstructions (white circles in the diffraction patterns). The wavelength of incident radiation was 1.0 nm. Resolution computation is discussed in the Methods Summary.
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finite-size and monomer shape effects, this power-law scaling is most evident for spatial frequencies R g 21 , q , a
21
, where R g is the particle's radius of gyration and a the average monomer radius (see Supplementary Fig. 3 ). Dilation symmetry in mass fractals indicates a scale-invariance in their aggregation kinetics, which is also observed in computer simulations of aggregation models for single particles in the aerosol phase 28 . Fractal morphology measures a particle's elastic scattering intensity S(q), which is obtained from an angular average of its threedimensional diffraction intensities. However, we collected only twodimensional diffraction patterns, and hence were restricted to the angular average of a particle's two-dimensional scattering intensities, sampled on the surface of the Ewald sphere, I(q). Nevertheless, even in the presence of modestly anisotropic external fields it is unlikely for numerous tumbling, aggregating sub-clusters to experience simultaneously a constant anisotropy in their body-fixed coordinate system throughout the entire aggregation process. Under this assumption, the ensemble of polydisperse sub-clusters attached to each aggregate should appear rotationally symmetric, and the Ewald sphere sample I(q) should approach S(q) for spatial frequencies q equal to the inverse length of these sub-clusters. This applies only to sufficiently small subclusters within sufficiently large aggregates.
The single-particle diffraction intensities I(q) of the seventeen largest airborne soot aggregates showed a distinct non-integer power-law decay between 170 and 20 nm (Fig. 3) , consistent with expectations of mass fractals. Although measurements on soot particles are frequently compared to diffusion-limited cluster-cluster aggregated mass fractals 11 , we measured an average fractal dimension of 2.3 6 0.3, closer to that of mass fractals that show internal restructuring 28 . Such high fractal dimensions were also previously observed in transmission electron micrographs of large soot particles prepared in the cluster-dense regime 28 . Our data established that such dense fractal aggregates also exist in the aerosol phase, free from substrate-initiated agglomeration. There was also considerable variability in our soot's measured fractal dimensions. While this variation could arise from sampling view-dependent diffraction measurements, the relatively small modulations in I(q) suggest ample view-averaging at the scale of sub-clusters in the range 170-20 nm within each soot particle. Hence, this sizable variation in fractal dimension may reflect a genuine fluctuation in our manufactured soot, or in the manner in which it was delivered into the XFEL interaction region, or both. The Fig. 3 inset plots our measured fractal morphology against our soot size estimates, demonstrating the possibility of ascertaining such a relationship with our methods. Such a relationship can be used to detect changes in the growth of these particles over a considerable range of length scales.
Focused X-ray pulses from XFELs typically destroy the particle being imaged, giving rise to energetic ejected ions that can be analysed using time-of-flight mass spectrometry (TOF-MS) to determine the particle's elemental composition (details in Supplementary Information). We correlated simultaneous TOF-MS and X-ray diffraction data from 208 aggregates, as shown in Fig. 4a . The presence of salt and carbonaceous soot in the TOF-MS data corresponds well with the scattering features simultaneously captured in the complementary diffraction patterns (Fig. 4b-e) . Despite each particle's absorption of large doses of ionizing radiation, signal intensity corresponding to the mass-tocharge ratio (m/z) of large [Na(NaCl)] 1 and [Na(NaCl) 2 ] 1 molecular fragments were observed in the TOF-MS spectra in Fig. 4a . The presence of large ions may be due to particles illuminated in the periphery of the X-ray focus, leading to incomplete ionization.
Fractals are suitable candidates for damage studies using XFELs, which can help in optimizing X-ray pulse parameters for diffraction imaging of single biomolecules. Morphology measurements on mass fractals with a small variance in fractal dimension can potentially resolve the extent of damage inflicted by diffraction imaging with XFELs; one expects dilation symmetry in mass fractals preserved down to length scales unaffected by radiation damage. When combined with mass spectrometry, one could identify changes in features of the spectra of ejected ions, such as the width and shape of spectral lines in Fig. 4a , as a function of X-ray pulse length and energy.
The intense, femtosecond X-ray pulses provided by XFELs provide sufficient diffraction signal to resolve single aggregates from the ensemble in situ, opening the door to new means of morphological study of aerosol dynamics in their native environment. We observed considerable variation in the fractal dimension of individual soot aggregates, as well as the extent of dilation symmetry. Combination of morphology with mass spectrometry further enriches our measurement of the ensemble, and allows particles of different elemental composition to be separated. Significantly, we observe a fractal dimension of 2.3 6 0.3 for soot aggregates in situ, a value that suggests in-flight restructuring beyond diffusion-limited cluster-cluster aggregation. The substantial variability in the fractal dimension may indicate non-uniform aggregation rates, and/or spatial variations in aggregation conditions and air/ carbon ratio. Further studies to resolve these connections will have implications for combustion efficiencies and climate modelling, which can now include effects due to polydispersities in the ensemble measured from in situ single-particle morphology. show the unnormalized I(q) of 17 of our largest spark-generated soot particles. The slopes of distinctly linear regions in the log-log plot of I(q) (darkened segments) is the negative of each particle's fractal dimension, showing a range of dilation symmetry (170-20 nm) common to these particles. The inset shows these slopes, plotted against the respective particle sizes.
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Phase retrieval. We reconstructed two-dimensional projections of the electrondensity functions of particles in Fig. 2 with the Relaxed Averaged Alternating Reflections phase-retrieval algorithm 29 using shrink-wrap support determination 30 and the assumption that the density function was real-valued. (Born approximation holds; constant ratio of imaginary to real part of sample's index of refraction.) We used the phase retrieval transfer function 22 (PRTF), as averaged over ten independent reconstruction attempts on the same particle, to estimate the maximum resolution for which substantial consistency is exhibited between different reconstructions. The full-period resolution in these reconstructions was determined from the point at which each particle's PRTF falls below 0.5. Soot aggregates. In approximately 70 min, we collected 174 diffraction patterns of spark-generated single soot particles at low carrier-gas flow rates, to suppress the coincidence of multiple soot particles in the X-ray interaction region. None of these 174 patterns was expected to contain multiple soot particles, assuming that particles arrive randomly and uniformly at the XFEL pulse interaction region (empirically verified in our experiment).
To estimate the size of the soot particles, we multiplied their respective diffraction patterns by band-pass filters of the form q 2 exp(2 (q2q 0 ) 2 ), where the spatial frequency q 0 was optimized from pattern to pattern to reduce the effects of missing data and high-frequency measurement noise, and to isolate each particle's highfrequency features. The Fourier transforms of the results were calculated to obtain a visual estimate of each particle's autocorrelation support from these highfrequency features 31 , which was halved to estimate each particle's length. Among our 174 diffraction patterns, we found 17 particles whose longest diameters were at least 1 mm. As the densities of mass fractals decrease with increasing particle size, these large soot particles were still expected to satisfy the Born scattering approximation. Our maximum scattering angle was approximately 4.3u, meaning that our intensities sampled a mildly curved Ewald sphere section, which was accounted for in averaging of I(q). 0  10  20  30  40  50  60  70  80  90  100  110  120  130  140 imaging. a, TOF-MS spectra, with labels showing the m/z values most compatible with the composition of our samples. Each of the 208 rows represents a TOF-MS spectrum collected simultaneously with the diffraction pattern from single aggregates. The argon peaks come from the argon carrier gas for the soot, and are used to calibrate the spectra. The nitrogen peaks are from nitrogen gas used to nebulize salt from solution. b-e, Four typical spectra corresponding to rows marked with arrows in a, showing various admixtures of soot and salt in an aggregate. Their respective diffraction patterns are inset. Signatures of salt (diffraction streaks from rounded facets of salt agglomerates; also see Fig. 2h ) and soot in these patterns match those in the corresponding TOF-MS spectra.
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